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Wepropose anew techniqueafter themodiﬁedLane–Emden equation to explore the electromagnetic prop-
erties of spherically symmetric dustmolecular cloud (DMC) in ﬁeld-free hydroelectrostatic equilibrium. Its
subsequent characterization on the Jeans scale ismade analytically andnumerically. The lowest order cloud
surface boundary (CSB) by the electric ﬁeld maximization, E 6 0:15T=ekJ ¼ 4:85 107 V m1, lies at a
radial distance n = 3.50kJ = 1.08  109 m. The basic physics of the CSB formation is explored. It is interest-
ingly observed that the CSB is biased with electrostatic potential h  0.34T/e (=340 V) due to plasma
boundary wall interaction, and plasma sheath–sheath coupling processes because sheath exists with each
dustgrain inplasmabackground. ThenetCSBcharge comesoutasQ  6.83  101 C. Themajor results are
found to be in qualitative agreement with the existing models. Main conclusions of astrophysical impor-
tance and future applicability are brieﬂy presented.
 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Electricity exists in stellar objects, and their atmospheres [1–5].
The stellar births and their electromagnetic states are the out-
comes of the complex dynamical evolution processes of the giant
self-gravitating dust molecular clouds (DMCs) [6–10]. That DMCs
and stars may be electromagnetic in form is an undisputable fact
in our perception of the universe [6–11]. Despite this, we still per-
haps do not fully understand the physical processes and micro-
mechanisms which take the gas and dust grains present in the
DMCs scattered around our Galaxy, and transform them into elec-
tromagnetically ﬁeld-bounded structures [6,7]. The electromag-
netic characteristics of the DMCs or stars are indeed due
basically to the plasma conditions of the DMCs, which are the prin-
cipal sites of active star formation [6–17]. The ideas of their elec-
tromagnetic state and associated ﬁeld-induced effects were
introduced by many curious minds in the past [1–5]. Let us term
their models collectively as the electrical stellar models (ESMs).
The separation of electrical charge inside a star in the ESM frame-
work was understood by modeling the star as a ball of hot ionized
gas with the help of basic ionization, and diffusion processes [3].
Nevertheless, an effort was made for semi-empirical estimation
of the electrical forces on the pressure in the star shown to have
a net electrical charge (Qs  1010 C) on the surface [4,5]. In an at-
tempt made to determine the suspected electric ﬁeld due to elec--NC-ND license.tron–ion separation by the measurements of the Stark effect [2],
no ﬁeld could be detected below an upper limit of 100 V cm1.
Gunn [5] endeavored to indicate the importance of the electric
ﬁeld, and calculated its value using the basic idea of charge separa-
tion, and it amounts to 0.015 V cm1 which is a value too small to
be measured by Stark effect. Moreover, they found out no exact
solutions of the basic stellar structure equations, but provided
empirical and simple theoretical estimations of the solar and stel-
lar speciﬁc values [1–5] only on the bounded interior and un-
bounded exterior scales. Afterwards, the idea of electromagnetic
ﬁeld in the solar or stellar interiors, and their exterior regions could
not gather much momentum for further research except some spe-
cial cases like neutron stars, magnetars, etc. The problem of the ori-
gin mechanism and maintenance of the electric ﬁeld still remains
as an open challenging problem.
Conventionally, the standard polytropic model (SPM) described
by the Lane–Emden equation (LEE) of polytropic state is normally
andwidely adopted for self-gravitating stellar structure exploration
in temperature-independent conﬁgurations [18–23]. The term
‘‘polytropic stars’’ means self-gravitating globes of gas kept in
hydrostatic equilibrium by internal pressure support under both
force balance and mass balance condition. This is based on a single
neutral gas approximation in spherically symmetric geometry. We
admit that a charged polytropic model has recently been proposed
to calculate various electrical parameters in case of a high density
compact system like the neutron star using relativistic mechanics
and considering the global balance of forces [24], and also extended
to other like situations [25]. But the SPM ignores the gravito-acous-
tic coupling, and plasma-boundary wall interaction processes on
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uents. This can, nevertheless, be physically defensible as because
the quasi-neutrality, or even neutrality property of the stellar plas-
ma is well satisﬁed on the Jeans scale lengths because of almost
zero value of the Debye-to-Jeans length ratio (kDe/kJ  1020) in nor-
mal astrophysical conditions [26–28]. The most inescapable deﬁ-
ciency of the SPM is that there exist bounded physical solutions
on normalized self-gravitational potential for some selected poly-
tropic indices only so far reported in the literature [18–23]. More-
over, there is precisely no technique to study equilibrium
structures independent of this polytropic index so as to conceive
a generalized stellar depiction along with the ﬁxation of its bound-
ary. In addition, this has no answer on stellar and DMC electromag-
netics. In this report, motivated by the investigation of the DMC
electromagnetics by a new analyticalmethodology in steady hydro-
electrostatic equilibrium with non-relativistic formalism, we pro-
pose a concrete LEE scheme (derived from the self-gravitational
Poisson formalism in normalized form) coupling both the electro-
magnetic [1–5] and hydrostatic [17–23] behaviors under the inte-
grated framework of the self-gravitating DMC as reported by
Avinash and his group [14–17]. The originality of the investigation
lies in the precise examination whether there exists any cloud sur-
face boundary (CSB), at least on the lowest order, by the balanced
gravito-electrostatic coupling. If yes, how it can be located andwhat
are its properties, at least at the simplest order, taking care of both
force balancing (electromagnetic), and charge balancing in the ﬂuid
form of equation of continuity (hydrostatic) with a single depen-
dent variable in the form of the normalized electric pressure only.
Accordingly, the different electrostatic versions of the LEE on the
normalized electrostatic pressure are methodologically derived
and presented. The electrostatic pressure arises due to the electro-
static repulsion between shielded dust particles, and an inhomoge-
neous distribution of dust grains within the plasma background of
the DMC [14–17]. Apart from the ‘‘Introduction’’ part already de-
scribed in Section 1 above, this paper is structurally organized in
a usual simple format as follows. Section 2 describes physicalmodel
of the DMC. Section 3 describes the mathematical formulation and
derived analytical equations. Section 4 presents the obtained re-
sults and discussions in three subsections. Sections 4.1–4.3 give
the analytical, numerical and comparative results, respectively.
Lastly and most importantly, Section 5 depicts the main conclu-
sions along with tentative future applicability in astrophysical
context.2. Physical model
We consider a simpliﬁed idealistic charged DMC in ﬁeld-free
hydroelectrostatic equilibrium conﬁguration in spherically sym-
metric geometry in the non-relativistic limit. The solid matter of
the identical spherical dust grains is embedded in the homoge-
neous gaseous phase of background plasma. A bulk differential ﬂow
of small magnitude is assumed to pre-exist due to Td Te = Ti = T
(for unequal mass scaling, mdmi >me). Global electrical neutral-
ity is supposed to subsist over the spherical gravito-electrostatic
enclosure containing the various plasma particles, as proposed in
earlier models by others [14–17]. For our observation on the astro-
physical Jeans scale, heavier dust grains are assumed to behave as a
hydroelectrostatic ﬂuid, whereas, lighter electrons and ions, as the
Boltzmannian thermal particles [14–17]. The term ‘‘hydroelectro-
static ﬂuid’’ here means inertial ﬂuid carrying some electricity with
it on the astrophysical scale. Since we are interested in electrostatic
description on the Jeans scale only, any contribution from the iner-
tial terms in the dynamics of the thermal species are ignored. The
velocity convection dynamics in the inertial dust ﬂuid is presumed
to have no role to play in our idealized model investigation.If the contributions of the gravitational and electrostatic
forces using usual realistic parameter values are compared for
plasma particles, it would be found that they are many orders
of magnitude different leading to negligible gravitational effects
on them [8–10]. Moreover, if the dust grains are relatively huge
(as compared with both electrons and ions) [29–37], but within
the validity limit of the point-mass approximation, the gravita-
tional effects will be signiﬁcant. Since the grains are now treated
as point masses, the trapping of the plasma thermal ions by the
grains may judiciously be ignored. The thermal screening species
are in thermodynamic equilibrium on the slow Jeans time scale.
Thus due to the assumed thermal stability, the adopted model
may be termed as a ‘‘hydroelectrostatic polytrope’’. This assump-
tion of thermalization of the thermal species is valid provided
the phase velocity of intrinsic ﬂuctuations, if any, is much smal-
ler than their thermal velocity, i.e., any ﬂuctuation in the elec-
tron–ion temperature is instantly smoothened out [8,9]. In
addition, for further simplicity, complications like the effects of
dispersed dust grain rotation, kinetic viscosity, non-thermal en-
ergy transport, and magnetic ﬁeld due to convective circulation
dynamics are neglected. Such situations are naturally realized
in the interstellar clouds, circumstellar clouds, interplanetary
medium, commetary tails, planetary rings, heliosphere, stellar
objects and atmospheres, the Earth’s magnetosphere, and so
forth [6–17,29–37].3. Mathematical analyses
This is well known that the LEE for polytropic stellar descrip-
tion is the spherically symmetric self-gravitational Poisson equa-
tion in normalized form, but on self-gravitational pressure under
force- and mass-balance description [18–24]. Therefore, if elec-
tric pressure in lieu of self-gravitational pressure is included
without any characterizing polytropic index, this equation will
describe the electrical state of the hydroelectrostatic polytropic
star or DMC in astrophysically normalized form. It will do so
even without the help of polytropic index. Thus the spherically
symmetric gravitational Poisson equation modiﬁed for electro-
static pressure PE(r) and charge density qE(r) can be written as
the following,
1
r2
@
@r
r2
qE
@PE
@r
 
¼ 4pqE: ð1Þ
The electric pressure PE normalized by the equilibrium plasma
thermal pressure PE0 = n0T with Te ﬃ Ti = T has been derived [14–
17], and now directly recast as follows
PE ¼ 2½coshðhÞ  1; ð2Þ
where h = eu/T is the electrostatic potential, developed due to local
charge imbalance and dust–dust repulsive interaction, normalized
by plasma thermal potential T/e. Also, n = r/ kJ is the radial space
coordinate normalized by the Jeans scale length kJ. Again, Ne = ne/
n0, Ni = ni/n0 and Nd = nd/n0 are, respectively, the population densi-
ties of electrons, ions and dust grains normalized by the equilibrium
plasma population density n0. The electric charge density qE of the
dust cloud with individual charge number Zd normalized by the
equilibrium charge density qE0 = n0e is given as follows,
qE ¼ ½2 sinhðhÞ þ ZdNd: ð3Þ
Eq. (1) in the normalized form with all the deﬁned notations is sim-
pliﬁed as follows,
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ﬃﬃﬃ
a
p ¼ kDe=kJ gives the De-
bye-to-Jeans length ratio, which is typically 1020 for T  100 eV
in self-gravitating plasmas [26–28]. Eq. (4) representing the rela-
tionship between the normalized electric pressure PE and normal-
ized electric charge density qE of the DMC may be termed as the
electrical analog of the polytropic LEE. This equation in terms of
the normalized electrostatic potential h distribution of the cloud
can be simpliﬁed to the following reduced form,
@2h
@n2
þ A0 @h
@n
 2
þ A1 @h
@n
 
¼ A2; ð5Þ
where A0ðnÞ ¼ ZdNd cothðhÞ2 sinhðhÞ þ ZdNd ;A1ðnÞ ¼
2
n
, and A2ðnÞ ¼
1
a
½2 sinhðhÞ þ ZdNd2
2 sinhðhÞ .
Eq. (5) represents the electrical version of the second order LEE
for the hydroelectrostatic description of the spherical DMC in
terms of the normalized electrostatic potential h. We are interested
in the electromagnetic description and characterization where
higher order derivatives of h play an important role on the physical
parameterization in self-gravitating plasma description as reported
earlier [28]. For example, the ﬁrst term with a negative sign gives
the electric ﬁeld divergence; further derivative with the same sign
speciﬁes its curvature, and so forth [28]. Eq. (5) after spatial differ-
entiation once is transformed to the following simple form,
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where B0ðnÞ ¼ 2ZdNd cothðhÞ½2 sinhðhÞ þ ZdNd ;B1ðnÞ ¼
2
n
,
B2ðnÞ ¼  ZdNd½2 sinhðhÞf1þ cos ech
2ðhÞg þ ZdNd
sinh2ðhÞf2 sinhðhÞ þ ZdNdg2
; and
B3ðnÞ ¼ coshðhÞ½4 Z
2
dN
2
d cos ech
2ðhÞ
a2
 2
n2
:
Eq. (6) is the electrostatic version of the third order LEE of state.
Various coefﬁcients in Eq. (6) are all functions of the equilibrium
plasma parameters. Eq. (6) after spatial differentiation once gets
transformed to the following (fourth order) form,
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where C0ðnÞ ¼ 2ZdNd cothðhÞ½2 sinhðhÞ þ ZdNd ;C1ðnÞ ¼
2
n
,
C2ðnÞ ¼ 5ZdNd½2 cos echðhÞ þ ZdNd cos ech
2ðhÞ þ 2 cothðhÞ coshðhÞ
½2 sinhðhÞ þ ZdNd2
;
C3ðnÞ ¼ 2ZdNd cothðhÞ½2 sinhðhÞ þ ZdNd ;
C4ðnÞ ¼ ½4 coshðhÞ  Z
2
dN
2
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a
 4
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;
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
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a
;
and
C7ðnÞ ¼ 4
n2
:
Eq. (7) is the electrostatic version of the fourth order LEE of state
in differential form. The existence of its different terms clearly
shows the possibilities of various electromagnetic features induced
by different order potential derivatives and their convections being
discussed in detail later. We are interested in the detailed radial
proﬁles of the DMC on the lowest order. Being of complicated,
highly nonlinear and lengthy form, analytical integration of Eq.
(7) for exact solutions is avoided. Applying numerical technique,
Eq. (7) can be integrated out as an initial value problem (judicious)
to understand the equilibrium structure of the DMC in newer per-
spectives. The different differentials of Eq. (7) with proper signs
will give different electrical signiﬁcances of the DMC, associated
physical phenomena, and most importantly, its lowest order
boundary surface developed due to plasma sheath–sheath interac-
tion existing around charged dust grains and the gravito-electro-
static potential boundary surface effects [28]. For example, oh/
on, o2h/on2, o3h/on3, etc. represent electric ﬁeld, its divergence,
its curvature, etc., respectively [28]. It may be further mentioned
that plasma sheath exists around each of the identical spherical
heavier dust grains due to plasma background. Thus charged
dust-dust interaction is because of associated plasma sheath–
sheath interaction which is electrostatic in nature.4. Results and discussions
4.1. Analytical results
A theoretical model analysis for investigating the electromag-
netic behavior of an idealistic self-gravitating spherical DMC in a
ﬁeld-free homogeneous hydroelectrostatic equilibrium conﬁgura-
tion is presented. It involves the judicious application of a new
technique composed of the normalized Lane–Emden and Poisson
formalisms on the astrophysical scale. The unique originality of
the analysis lies in the analytical derivation of the various electro-
static versions of the LEE in differential forms for the hydroelectro-
static polytropic description of the DMC on the normalized
electrostatic pressure, and hence, the normalized electrostatic po-
tential in the surface characterization process. For that, the nor-
malized form of electric pressure in lieu of self-gravitational
pressure is properly included to depict the electromagnetic state
of the hydroelectrostatic polytropic star, but without imposing
any usual polytropic index. The different differentials of such equa-
tions typify different electromagnetic signiﬁcances, associated
physical phenomena, and most importantly, its lowest order
boundary surface developed due to plasma sheath–sheath interac-
tion existing around charged dust grains, and the plasma boundary
wall interaction effects through gravito-electrostatic coupling. It
may be pertinent to add that a macro-sheath lies at the boundary,
which is the resultant of the interaction of micro-sheaths lying
around the massive dust grains under spherical symmetry, as in
the case of other stars [26–28]. This is interestingly observed that
their different coefﬁcients, dependent on the various equilibrium
cloud characteristic parameters, allow the electromagnetic dynam-
ics of the model to evolve accordingly on the bounded interior and
unbounded exterior scales in accord with others [1–6,26–28].
We admit that our spherical model is quite idealistic with full
charging of identical spherical dust grains in the non-relativistic re-
gime, and without the application of any external electromagnetic
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any contribution due purely to dust charge ﬂuctuation [12] is abso-
lutely ignored on time-stationary conﬁguration. In addition, all the
dissipative agencies and neutral-charged dust interactions [11,12]
are too neglected. Similar initial analytical results on the astrophys-
ical scale may be found to exist in the literature [14–23], but never
on the hydroelectrostatic description of polytropes showing their
full electromagnetic descriptions as presented here. Like the rela-
tivistic charged polytropic model for compact neutron star [24],
we propose this charged DMC model for its full electromagnetic
characterization as bounded structure by a new technique of para-
metric extremization. The model is studied in detail computation-
ally too for a suitable characterization and precise speciﬁcation of
the spherical boundary as follows.
4.2. Numerical results
In order to study the full electrodynamics of the DMC along
with all the relevant inhomogeneity scale lengths due to large scale
collective dynamics, Eq. (7) is numerically integrated as an initial
value problem by the fourth order Runge–Kutta method. The con-
sequent numerical proﬁles are as shown in Figs. 1–11 under a com-
mon set of realistic initial values. Fig. 1 shows the proﬁle of the
normalized values of (a) electric potential (h = h(n)) (rescaled by
dividing with 2 and denoted by blue line), (b) potential gradient
(hn = oh/on) (red line), (c) potential scale length (Lh = [o ( log h)/
o n]1) (green line), and (d) potential curvature (hnn = o2h/on2)
(black line) with normalized position. Various numerical input
and initial parameter values adopted in the simulation are
Zd = 100, N0 = 1, Nd = 1.00  103, T = 103 eV, md = 1.64  103 kg,
(h)i = 1.00  102, (hn)i = 1.00  104, (hnn)i = 1.00  104, and
(hnnn)i = 1.00  104. These initial values are realistic and adopted
from literature in similar environments [29–37]. This is clear that a0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
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Fig. 1. Proﬁle of the normalized (by cloud thermal potential) values of (a) electric potent
line), (c) potential scale length (green line), and (d) potential curvature (black line) with n
and potential scale length minimization and potential gradient minimization is speciﬁe
simulation are Zd = 100, N0 = 1, Nd = 1.00  103, T = 103 eV, md = 1.64  103 kg, (h)i = 1monotonous potential proﬁle exists in the cloud (Fig. 1a) with a va-
lue h  0.34 (=340 V) at n = 3.50, and after that, it turns uniform.
The lowest order CSB by potential gradient minimization (Fig. 1b),
potential scale length minimization (Fig. 1c), and stable potential
curature (Fig. 1d) is speciﬁed to exist at n = 3.50. By the terminol-
ogy ‘‘lowest order boundary’’, we mean the nearest spherical elec-
tric potential boundary surface (formed by gravito-electrostatic
balancing) relative to the center of the self-gravitating DMC mass
distribution, such that it behaves as transition surface exhibiting
bounded interior scale dynamics one hand, and unbounded exte-
rior scale dynamics on the other, as reported earlier in like situa-
tions [26–28]. Also ‘‘curvature’’ of a parameter here means the
‘‘second order spatial derivative’’ of the parameter throughout
the text. As one moves away radially outwards relative to that cen-
ter, the cloud may have next such higher order potential bound-
aries enclosing the solid phase of the grains in the gaseous
plasma phase in the cloud, and so forth. This is seen that the cloud
is quasi-neutral at the obtained boundary, and beyond as well, but
not so in the interior (Fig. 1d). These observations are in perfect
agreement with our earlier results on self-gravitating plasma sys-
tems under like situations of plasma-boundary wall interaction
processes [26–28].
Fig. 2 represents the proﬁle of the normalized (by cloud thermal
ﬁeld) values of (a) electric ﬁeld (E = oh/on) (blue line), (b) ﬁeld
divergence ðdiv~E ¼ @E=@nÞ (red line), (c) ﬁeld scale length
(LE = [o(logE)/on]1) (rescaled by dividing with 20 and denoted by
green line), and (d) ﬁeld curvature (Enn = o2E/on2) (rescaled by divid-
ingwith10anddenotedbyblack line)withnormalizedposition. The
ﬁeld becomes maximum E 6 0.15 = 4.85  107 V m1 although
weak, at the radial position n = 3.50, and after that, starts monoto-
nously decreasing to a lower value (0.12 = 3.88  107 V m1) at
the radial position 10.00 (Fig. 1b). The ﬁeld curvature is found to
be negative at n = 3.50 (Fig. 2d). Thus the CSB (on the lowest order)5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10
d position
potential parameters
ial (rescaled by dividing with 2 and denoted by blue line), (b) potential gradient (red
ormalized (by Jeans scale) position. The cloud boundary by stable potential curature,
d at n = 3.50. Various numerical input and initial parameter values adopted in the
.00  102, (hn)i = 1.00  104, (hnn)i = 1.00  104, and (hnnn)i = 1.00  104.
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0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10
-4
-3.5
-3
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
2.5
3
x 10-14
Normalized position
Pr
es
su
re
 p
ar
am
et
er
s
Profile of electric pressure parameters
Pressure
Gradient
Scale length (*10)
Curvature
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P.K. Karmakar / Results in Physics 2 (2012) 77–89 81by electric ﬁeldmaximization is re-speciﬁed at n = 3.50 = 1.08  109
m. Here kJ  3:09 108 m, T  102 eV, and hence T/e  103 JC1 are
the typically adopted values from our recent work [27] for conve-nience. In thecaseof self-gravitatingDMC, therefore, there isnosolid
physical boundary wall located at some speciﬁed radial position as
such, but the cloud electric ﬁeld itself acts as an electrostatic poten-
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plasma background in the DMC in radial direction with the maxi-
mumstrength at the CSB. The basic physicalmechanism responsiblefor such CSB formation is the joint action of plasma-wall interaction
and plasma sheath–sheath coupling processes as mentioned. The
CSB magnetic ﬁeld from the above electrical inputs, similarly, can
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Fig. 8. Proﬁle of phase portrait between electric ﬁeld and ﬁeld divergence. Various numerical input and initial parameter values are as before.
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84 P.K. Karmakar / Results in Physics 2 (2012) 77–89be indirectly estimatedasB  1.62  1015 T fromtheMaxwell elec-
tromagnetic equation [31], which is very small to contribute to the
DMC dynamics, and hence neglected in the model formulation at
the outset. These observations are again found to go in good agree-
ment qualitativelywith our earlier reported results on self-gravitat-
ing plasma systems [26–28].Fig. 3 shows the proﬁle structure of the normalized (by cloud ther-
mal pressure) values of (a) electric pressure (P = 1/2 0E2) (blue line),
(b) pressure gradient (Pn = oP/on) (red line), (c) pressure scale length
(LP = [o(logP)/on]1) (rescaled by multiplying with 10 and denoted
by green line), and (d) pressure curvature (Pnn = o2P/on2) (black line)
with normalized position. The cloud boundary, furthermore, by pres-
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Fig. 10. Proﬁle of phase portrait between electric energy and electric energy gradient. Various numerical input and initial parameter values are as before.
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P.K. Karmakar / Results in Physics 2 (2012) 77–89 85suremaximization is re-speciﬁed at n = 3.50. Themaximumpressure
at the CSB comes out to be P  2.40  1014 = 2.51  1025 N m2
(Fig. 3a), which is relatively small in magnitude, still models the sys-
tem [27]. The existence of the CSB at n = 3.50 is further ensured by the
maximum pressure gradient (Fig. 3b) and pressure scale length
(Fig. 3c). Their small values are due to the application of the smallpermittivity value 0 = 8.85  1012 F m1 [31], normally taken in
the plasma environment of the DMC, the real value of which is yet
to be known [24].
Fig. 4 depicts theproﬁle of thenormalized (by cloud thermal ﬂux)
values of (a) electric ﬂux (U = 4pn2E) (rescaled by dividing with 100
anddenoted by blue line), (b) ﬂux gradient (Un = oU/on) (rescaled by
86 P.K. Karmakar / Results in Physics 2 (2012) 77–89dividing with 10 and denoted by red line), (c) ﬂux scale length
(LU = [o(logU)/on]1) (green line), and (d) ﬂux curvature (Un-
n = o2U/on2) (black line) with normalized position. The cloud bound-
ary by the ﬂux curvatureminization (=1.87) is further re-speciﬁed
to be located at n = 3.50. This is interestingly noticed that the ﬂux at
the CSB comes out to be U  0.25 = 7.72  1010 Vm. An estma-
tion with the help of Gauss’s theorem of electrostatics [31], in turn,
gives the net CSB charge as Q  6.83  101 C.
Fig. 5 shows the proﬁle of the normalized values of (a) electron
population density (Ne = eh) (rescaled by dividing with 2 and de-
noted by blue line), (b) electron population density gradient
(Nen = ehoh/on) (red line), (c) electron population density scale
length ðLNe ¼ ½@ðlogNeÞ=@n1Þ (green line), (d) ion population den-
sity (Ni = eh) (rescaled by dividing with 2 and denoted by black
line), (e) ion population density gradient (Nin = ehoh/on) (cyan line),
and (f) ion population density scale length ðLNi ¼ ½@ðlogNiÞ=@n1Þ
(magenta line) with normalized position. This is observed that
the bounded DMC is electrically quasi-neutral on the interior scale.
Some extent of non-neutrality (deviation from the bounded quasi-
neutrality) may exist on the unbounded scale due surely to the dif-
ferential ﬂow motion (thermal) of the DMC plasma constituent
particles because of their differential mass scaling.
Fig. 6 shows the proﬁle of the normalized (by cloud thermal en-
ergy) values of (a) electric energy (UE = 2/3p0E2n3) (rescaled by
dividing with 10 and denoted by blue line), (b) energy gradient
(UEn = oU/on) (red line), (c) energy scale length (LU = [o(logUE)/
on]1) (rescaled by dividing with 1012 and denoted by green line),
and (d) energy curvature (UEnn = o2UE/on2) (rescaled by dividingwith
5 and denoted by black line) with normalized position. The cloud
boundary by energy curature maximization (Fig. 6d) is re-speciﬁed
at n = 3.50. This is interestingly observed that the electrical energy at
the CSB comes out to be UE  3.75  1012 = 1.15  103 J. It is possi-
ble to calculate the magnetic energy UM = 2/3pl0B2n3 at the CSB
with all usual notations [31]. Taking dusty plasma permeability as
that of vacuum, l0 = 4p  107 H m1 [31], and the CSB magnetic
energy comes to be UM  8.72  109 J within the mentioned cloud
conditions. This, however, is questionable for the DMC permittivity
and permeability are really yet to known [24]. Moreover, the Poyn-
ting vector ~N ¼~E ~H representing the surface density of the elec-
tromagnetic energy current [31] can easily be estimated as
j~Nj  6:25 1016 W m2. It is clear that electro-to-magnetic en-
ergy ratio, UE/UM  1011. So, various observed phenomena in the
astrophysical DMC on the Jeans scale is mainly due to the electrical
energy transports only, and not due to the magnetic counterpart in
the modiﬁed Lane–Emden scheme.
In addition, the associated phase space trajectories of physical
relevance for the cloud electrodynamics are also numerically ob-
tained in detail in the form of the maps showing how trajectories
intersect a region in our deﬁned phase space as the following.
Fig. 7 represents the proﬁle of phase portrait between electric po-
tential (h = h(n)) and ﬁeld (E = oh/on). It shows that dynamical evo-
lution of electric ﬁeld over the corresponding potential. This is
observed that ﬁeld shows a directional reversibity at h = 0.10, a
value close to that at the cloud boundary. This is due to the thermal
pressure of the DMC driving dust acoustic wave instability in asso-
ciation with some compression and rarefaction. Fig. 8, similarly,
gives the proﬁle of phase portrait between electric ﬁeld (E = oh/
on) and ﬁeld divergence ðdiv~E ¼ @E=@nÞ. It shows that dynamical
evolution of electric ﬁeld divergence over the corresponding elec-
tric ﬁeld. This is observed that difference-free ﬁeld is one of the sta-
bility conditions of the cloud. Again Fig. 9 exhibits the proﬁle of
phase portrait between electric pressure (P = 1/20E2) and pressure
gradient (Pn = oP/on). It shows that dynamical evolution of electric
pressure gradient over the corresponding electric pressure in our
model description. This is observed that the maximum (oP/
on)0  7.50  1015 occurs at h  2.12  1014. The DMC system,thereafter, moves fairly directly towards the stable ﬁxed point
(which corresponds to the hydroelectrostatic equilibrium). Fig. 10,
moreover, as a more complete picture depicts the proﬁle of phase
portrait between electric energy (UE = 2/3p0E2n3) and electric en-
ergy gradient (UEn = oUE/on). It shows that dynamical evolution of
the corresponding electric ﬁeld energy gradient over its ﬁeld has
a parabolic ﬁt of the form ( oUE/on)2 = AUE, where A is some con-
stant. This is observed that divergence-free ﬁeld is one of the stabil-
ity conditions of the cloud. This is experiential that the maximum
(oUE/on)0  3.90  1012 occurs at UE  3.80  1011.
Lastly, Fig. 11 gives the comparative proﬁle of the normalized
values of (a) electric pressure from our model (P = 1/20E2) (re-
scaled by dividing with 1012 and denoted by blue line), (b) pressure
gradient (Pn = oP/on) (rescaled by dividing with 1012 and denoted
by red line), (c) electric pressure from conventional model
(PE = 2[cosh (h)  1]) (rescaled by dividing with 102 and denoted
by green line), and (d) gradient (PEn = oPE/on) (rescaled by dividing
with 10 and denoted by black line) with normalized position. The
cloud boundary by pressure maximization is, as above, re-speciﬁed
at n = 3.50. Here ‘‘conventional models’’ collectively refer to the
existing self-gravitating DMC models [14–17], and the correspond-
ing electric pressure is known as ‘‘conventional pressure’’. Clearly,
the conventional presure at the CSB comes out to be
P  0.125n0T = 2.00  1012 N m2 in interstellar medium with
equilibrium population density n0 = 106 m3 and temperature
T = 102 eV [14–17,31]. This pressure is much greater than that of
the corresponding value of the electric pressure due to all the ther-
mal effects taken into account in the conventional models [14–17].
This is observed that both our pressure and pressure gradient are
larger by orders of magnitude than the corresponding conventional
pressure and pressure gradient due to the plasma sheath–sheath
(due to dust grain-grain interaction in plasma background) and
boundary wall interaction processes taken into account. This is also
clear that asymptotically at larger distances (n 10), the conven-
tional pressure behaves exponentially as PE(n) = PE0en with all usual
notations, as if the charged dust-dust repulsion through sheath–
sheath interaction, and intrinsic inhomogeneity in dust grain dis-
tribution gradually increase outwards relative to the cloud center.
This is justiﬁed due to the weaker strength of self-gravity on the
unbounded exterior, although no external electric source is pres-
ent. One of the most important observations made from this char-
acterizing investigation (Figs. 1–11) is that dust acoustic waves and
oscillations are prominent within the interior scale of plasma vol-
ume bounded by this CSB, but not so on the unbounded exterior
scale beyond that. Our model thus offers a precise deﬁnition of
the CSB by the principle of extremization of various electromag-
netic parameters, and corresponding transitional dynamics. Weak-
er electromagnetic parameter values at the CSB, and also beyond,
are in qualitative conformity with the existing results in the liter-
ature [1–5,26–28]. This may equally offer an alternate approach to
understand the basic physics of the realistic electromagnetic phe-
nomena occurring in self-gravitating objects like stars and their
atmospheres through the LEE framework on the normalized elec-
tromagnetic observables of the DMC rich in varieties of dust grains
as characterized by different spaceprobes, satellite observations
and detectors [31–37].
4.3. Comparative results
We recognize the fact that the ideas of electric ﬁeld effect and of
the electromagnetic state of the Sun, like stars and their atmo-
spheres were introduced by many authors in the past [1–5]. Their
models collectively known as the electrical stellar models (ESMs)
are successful to explain some fundamental electromagnetic
phenomena in stellar objects. The electrical models, however, have
not pointed out anything basic on the gravito-acoustic or
Table 1
Comparison of earlier model and our model analyses.
S. No. Properties Earlier models Our model
1 Surface boundary Exists (n = 3.50kJ) Exists (n = 3.50kJ)
2 Surface charge Negative Negative
3 Surface potential Negative Negative
4 Surface characterization Extremization of gravito-electrostatic
parameters
Extremization of electrical parameters, their scale lengths and curvatures
5 Proﬁle of electric
potential
Monotonous Monotonous
6 Nature of plasma particle
ﬂow
Subsonic on bounded, and supersonic on
unbounded scales
Not needed
7 Type of equilibrium Hydrodynamic Hydroelectrostatic
8 Number of species Two species: thermal electrons, and
inertial ions
Three species: thermal electrons and ions, and inertial dust grains
9 Type of pressure
considered
Thermal Thermal and electric
10 Main governing
equations
Fluid equations Modiﬁed Lane–Emden equation of hydroelectrostatic polytrope (Poisson equation on
electric pressure in normalized form)
11 Magnetic ﬁeld Negligibly small Indirectly calculated to be small
12 Leakage process Considered Not considered
13 Grid concept Applied Not applied
14 Electric current Discussed Does not arise
15 Concept of ﬂoating point
and surface
Discussed Does not arise
16 Relevant phase portraits Not studied Studied
17 Reversibility Electric current reversibility (near
boundary)
Electric ﬁeld reversibility (on bounded interior scale)
18 Poynting vector Not calculated Calculated, though very small
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tion in detailed characterization processes as supported in the pres-
ent contribution.
Recently, a plasma-based gravito-electrostatic sheath (GES)
model has theoretically been proposed to understand some impor-
tant fundamental properties of the Sun and its atmosphere from
electromagnetic perspectives [26–28]. The basic charge separation
mechanism inside the Sun, according to the GES model on self-
gravitating plasma, is the plasma-boundary interaction process.
This is the mechanism responsible also for the formation of the
lowest order solar boundary surface located at a radial position
n = 3.50. The relevant solar parameters of electromagnetic signiﬁ-
cance have been calculated under the light of the GES model at dif-
ferent radial points in detail [27], and compared with those
obtained by applying the ESMs [1–5]. The presented is an electro-
magnetic analysis on the DMC. It is also able to derive some impor-
tant electromagnetic characteristics of the self-gravitating plasma,
and born stars, like the existence of surface boundary, net negative
surface charge, etc. An overview of the important comparisons be-
tween earlier self-gravitating model results [26–28] and the DMC
model analysis of present concern, although mentioned above,
are summarized and tabulated in Table 1 for instant reference as
follows.
It is thus clear that normally a few physical parameters, dynam-
ical evolution equations and sets of judicious initial input values
are required to model the equilibrium stellar DMC structure [14–
17]. Nonetheless, this model is successful in the study of the stellar
DMC electromagnetics, and its surface characterization with a sin-
gle input dependent physical variable in the form of the normal-
ized electric potential only (Figs. 1–11), that too without any
polytropic index. In addition, the focal point of the study as the
lowest order CBS speciﬁcation is also carried out using the extremi-
zation technique, accordingly. We, however, agree that our analy-
sis is limited to the above only, and more input efforts will be
needed to present a more concrete picture in future as the detailed
characterization of stellar objects by standard models in presence
of realistic complications [25].This is important to note, however, that awide range discrepancy
exists in the numerical values of the electromagnetic characteristics
of the stellar plasma of present concern, and in others [1–5,26–28].
For example, the net CSB charge is estmated as Q  6.83  101 C.
But in case of the GES model analysis [27], this at the surface comes
out to beQ  1.20  102 C. This deviation is due to the loss of ther-
mal electrons in the charging process of the dust grains, and the sub-
sequent microscale sheath–sheath interaction developed around
each of the grains. In case of highly compact object like neutron star
studied with relativistic charged polytropic model, the surface
charge comes out very huge, as Q  1020 C, due to the existence of
veryhighdegeneracypressure [24]. Our’s is a lowdense systemtrea-
ted in thenon-relativistic limit, andhence degeneracypressure is ig-
nored. However, the surface boundary of the DMC and that of the
GES [26–28] are in perfect match on the lowest order calculation,
whereas other properties by all othermodels are in good qualitative
agreement only. Awide range disparity in quantifying other electro-
magnetic properties may be due to exact theoretical calculations by
us (in the presence of plasma boundary and sheath–sheath interac-
tionprocesses), andempirical formulationsbyothers (in theabsence
of any boundary interaction and sheath-induced effects). But how
plasma sheath–sheath interaction processes conﬁgures the lowest
orderboundary is yet tobewell understood fromfundamental phys-
ical point of view on sheath mechanism. This, however, is an open
question to be resolved in future under the light of more and more
astrophysical observations and studies on the self-gravitating
DMC, and the corresponding star formation mechanism in dusty
environments [31–37].
5. Conclusions
A detailed qualitative, quantitative and comparative study of
the electromagnetic properties of a self-gravitating spherical
DMC is carried out on the astrophysical scale. The DMC equilibrium
structure is modeled analytically and numerically by the modiﬁed
Lane–Emden formalism of hydroelectrostatic polytrope. An inter-
esting property of the DMC to possess the lowest order boundary
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fect agreement with that in the GES model by ﬁeld maximization
principle, is also reported. The relevant phase trajectories in de-
ﬁned phase spaces are presented to understand the associated
dynamics of the DMC geometrically, and its stability behaviors as
phase maps. Quantitative characterizations of the different electro-
magnetic parameters are also presented and compared with other
observations. One of the most important conclusions drawn from
this investigation is that dust acoustic waves and oscillations are
more prominent within the plasma volume bounded self-gravita-
tionally by this boundary, and not beyond that. This piece of re-
search work may form an initial elementary input about the self-
gravitating dusty plasma and stellar equilibrium structures, and
associated various characteristics of electromagnetic interest from
purely a new perspective in hydroelectrostatic equilibrium.
Some of the quantiﬁed characterization and proﬁle description in
ourmodel calculationsshowa littledeviation fromtheobservedvalues
in like situations [26–28]. This couldbeattributed toomitting theactu-
allyvariable temperatureproﬁles [33],andfollowingourconstant tem-
perature on the global scale. Hence a proper inclusion of realistic
temperature proﬁle through an appropriate heat transport equation
[33] requires an additional improvement of our DMC-based theory to
make it furthermore realistic, useful, and practical. It can be inferred
that theDMCplasmanear the center of itsmassdistribution is in anear
zero-gravity condition, and hence its constituents escape and leak
through the developed electrostatic potential boundary layer of vari-
able strength. This compels to speculate that a wide range of gravito-
electrostatic ﬂuctuation modes are more likely to describe the collec-
tive plasma wave and oscillation dynamics in the cloud with massive
inertial species. The frequencies of these modes are supposed to be
ranging frompure Jeansmode (largerwavelength) to pure dust acous-
ticmode (shorter wavelength). The non-uniformity of the equilibrium
proﬁles, and hence the associated inhomogeneity scale lengths ob-
tained by numerical simulation indicates the presence of somenatural
sources and sinks to excite or suppress these modes of waves, oscilla-
tions and ﬂuctuations on the interior and exterior scales of the DMC.
Herewe summarize themajor ﬁndings permitted by this simple theo-
retical investigation.
(1) The lowest order boundary surface of the spherically sym-
metric DMC, demarcating the bounded interior and
unbounded exterior scales, is precisely determined with the
help of a new theoretical technique of the modiﬁed Lane–
Emden calculation scheme in the non-relativistic regime.
(2) The negatively biased DMC boundary is characterized
mainly by the maximization principle of electric ﬁeld and
pressure, and extremization of all other relevant parameters.
(3) The basic physical mechanism responsible for such bound-
ary is the joint action of plasma-wall interaction and plasma
sheath–sheath coupling processes.
(4) Electrical parameters are dominant over the magnetic coun-
terparts in the DMC.
(5) Dust acoustic waves, oscillations and ﬂuctuations are more
prominent within the plasma volume bounded by this
boundary, and not beyond that.
(6) The obtained boundary shows a two-scale behavior from an
unstable to almost stable one in terms of its normal electro-
magnetics and their scale lengths.
(7) Irrespective of others, this model even without any poly-
tropic index introduced is successful in the stellar DMC char-
acterization with a single dependent variable in the form of
the normalized electric pressure due to charged dust-dust
interaction and density inhomogeneity only.
(8) Various phenomena in the DMC is mainly due to the electri-
cal energy transport only, and not due to the magnetic coun-
terpart, idealistically, in the modiﬁed Lane–Emden scheme.(9) Smaller values of various electromagnetic parameters are
still debatable for vacuum electric permittivity and magnetic
permeability adopted in place of those really unknown for
the DMC.
(10) An interesting property of electric ﬁeld reversibility (due to
the thermal pressure of the DMC driving dust acoustic wave
instability in association with some compression and rare-
faction) is observed on the bounded interior scale.
(11) Hydroelectrostatic equilibrium of the DMC is indeed inho-
mogeneous in nature.
(12) Non-relativistic formalism to our low density less-compact
model gives less surface charge [(Q  6.83  101 C) rela-
tive to that (Q  1020 C) of neutron star analyzed by a rela-
tivistic charged polytropic model].
(13) Surface pressure in our model is larger than the conventional
pressure due to the included plasma-boundary wall interac-
tion processes, and excluded non-equilibrium thermal
ﬂuctuations.
(14) And, lastly, our model may provide extensive input elements
for further study of the electromagnetic state of realistic
astrophysical objects, associated dust grains of various char-
acteristics, and ambient dusty atmospheres.
In brief, we can argue that our calculations give all the relevant
quantitative features of the electromagnetic characterization of the
DMC equilibrium structure in spherical geometry. Associated
parameters, their gradients, scale lengths, and curvatures for test-
ing the extreme behaviors at the CSB, and the corresponding phase
space portraits for understanding the stability behaviors in a geo-
metrical pattern from a new outlook of astrophysical signiﬁcance
are presented. The indirect estimation of the magnetic properties
of the equilibrium stellar structure made may be applicable to rel-
ativistic study of the pulsating class of rapidly rotating stars like
neutron stars, magnetars, etc. Our model could further be useful
as an important ingredient to offer new perspectives in the explo-
ration of the asteroseismic dynamics of the Sun, other stars and
their atmospheres, extensively, and collectively, from plasma-
based framework on hydroelectrostatic grip. This will add to future
investigations of electromagnetic viewpoint likewise governed by
the modiﬁed Lane–Emden formalism in more realistic astrophysi-
cal situations in presence of non-identical dust grains. Finally, then,
although the model investigated here is capable of the electromag-
netic characterization in detail, it is deﬁcient in full quantitative
matching with others’, thereby indicating that reﬁnements in the
model and quite possibly newer physical insights are needed to
meet that stringent requirement for further investigation.
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